Abstract. There is a public perception that the white-tailed deer Odocoileus virginianus (Artiodactyla: Cervidae) is the main reservoir supporting the maintenance and spread of the causative agent of Lyme disease, Borrelia burgdorferi. This study examines the pathogen prevalence rate of Borrelia in adult Ixodes scapularis (Ixodida: Ixodidae), the black-legged tick, collected from white-tailed deer and compares it with pathogen prevalence rates in adult ticks gathered by dragging vegetation in two contiguous counties west of the Hudson Valley in upstate New York. In both Broome and Chenango Counties, attached and unattached ticks harvested from white-tailed deer had significantly lower prevalences of B. burgdorferi than those collected from vegetation. No attached ticks on deer (n = 148) in either county, and only 2.4 and 7.3% of unattached ticks (n = 389) in Broome and Chenango Counties, respectively, were harbouring the pathogen. This contrasts with the finding that 40.8% of ticks in Broome County and 46.8% of ticks in Chenango County collected from vegetation harboured the pathogen. These data suggest that a mechanism in white-tailed deer may aid in clearing the pathogen from attached deer ticks, although white-tailed deer do contribute to the spatial distribution of deer tick populations and also serve as deadend host breeding sites for ticks.
Introduction
The general public tends to attribute the spread and maintenance of the black-legged tick, Ixodes scapularis, known for harbouring the causative agent of Lyme disease (Borrelia burgdorferi), to the white-tailed deer, Odocoileus virginianus (Barbour & Fish, 1993) . However, although it is true that white-tailed deer are the preferred hosts for adult deer ticks (Wilson et al., 1990) , an animal's competency as a reservoir for an infectious agent, and thus its role in the spread and maintenance of that agent, is complex and depends upon how well the animal Correspondence: Ralph M. Garruto, Department of Anthropology, Binghamton University, SUNY, Science 1 Room 113, P.O. Box 6000, Binghamton, NY 13902-6000, U.S.A. Tel.: + 1 607 777 6562; Fax: + 1 607 777 2477; E-mail: rgarruto@binghamton.edu acquires, maintains and transmits the pathogen (Donahue et al., 1987) . Many small rodents such as the white-footed mouse, Peromyscus leucopus (Rodentia: Cricetidae), and chipmunk, Tamias striatus (Rodentia: Sciuridae), have been reported to be competent reservoir hosts (Donahue et al., 1987; Mather et al., 1989; Telford et al., 1990) , as have a diversity of other small mammals with varying levels of host competency.
The scientific literature is very inconsistent regarding the role of white-tailed deer in the spread of Lyme disease. Several studies have implicated deer as key players in the transmission of Lyme disease to humans. Decreases in deer populations have 2 A. Roome et al.
been shown to decrease tick abundances in Connecticut, Massachusetts and Maine, subsequently decreasing opportunities for human-tick contact and thus incidences of Lyme disease Deblinger et al., 1993; Stafford et al., 2003) and there have been studies suggesting that tick abundance is directly correlated to deer abundance (Wilson et al., 1990; Rand et al., 2003) . The localized absence of deer has been proposed to increase the number of ticks feeding on rodent hosts, which has the potential to increase tick-borne disease rates (Perkins et al., 2006) . In addition, the control of pathogen reservoirs must target the correct species in order to substantially reduce transmission potential (Perkins et al., 2003; Levi et al., 2016) . In coastal islands near Rhode Island, I. scapularis (the black-legged or deer tick) and B. burgdorferi (the Lyme disease pathogen) have been shown to be present only on islands where white-tailed deer are found (Anderson et al., 1987) . In addition, in an investigation assessing outcomes of human cases of Lyme disease and the effects of a reduction in white-tailed deer on tick abundance and subsequent human cases in Connecticut over a period of more than a decade, Kilpatrick et al. (2014) found that a controlled reduction in white-tailed deer resulted in lower numbers of both ticks and cases of Lyme disease.
However, many studies have reported that deer play a minimal role in the maintenance and spread of B. burgdorferi in ticks and thus have little impact on the spread of Lyme disease to humans. Several studies have noted that smaller mammals are more likely than deer to be key spreaders of B. burgdorferi to ticks (Tsao et al., 2004; Ostfeld et al., 2006) . Specifically, Levi et al. (2012) suggested that deer abundance is a poor predictor of tick abundance and that smaller mammals may be more responsible for the continuing emergence of Lyme disease than deer because the recolonization of deer in the mid-1900s (VerCauteren, 2003), after they had been hunted almost to extinction, long preceded the rapid increase in Lyme disease that has occurred over the past two decades. Additional studies have also suggested that an increase in deer will often have little effect on nymphal tick densities (Wilson et al., 1984; Ostfeld et al., 2006; Ostfeld, 2011) , which represent the primary threat to humans (Barbour & Fish, 1993) .
Previous studies have suggested that white-tailed deer have low levels of reservoir competency and play a minimal role in infecting ticks that feed on them. Telford et al. (1988) determined that deer were incompetent reservoir hosts for the Lyme spirochete because the low rate of infection in ticks found feeding on white-tailed deer in the nymphal stage could be attributed to very low rates of transovarial transmission. Similarly, LoGiudice et al. (2002) determined the reservoir competence of white-tailed deer for the Lyme disease pathogen to be very low, at 4.6%, and found that deer reduce abundances of infected ticks.
The present study examined the role of white-tailed deer in spreading the Lyme disease pathogen (B. burgdorferi sensu lato). Although the role of the white-tailed deer as a competent reservoir has been previously reported, data on whether the species plays a role in potentially clearing the Lyme pathogen in ticks in upstate New York, in the Susquehanna River Valley, have not been reported. As incidence rates of Lyme disease in people are rising rapidly in this region, which includes Broome and Chenango Counties (New York State Department of Health, 2015) , the present study sought to determine the magnitude of the potential role of the white-tailed deer in the maintenance or amelioration of B. burgdorferi transmission to ticks.
Materials and methods
Ixodes scapularis ticks were collected in 2012 and 2013 within two adjacent counties, Broome and Chenango, in the Southern Tier of New York State. Broome County is mainly composed of urban and suburban settings and has a population of 197 349 (U.S. Census Bureau, 2014a) , whereas Chenango County is more rural and primarily agricultural and has a population of 49 426 (U.S. Census Bureau, 2014b) . Deer ticks were collected using two methods. Ticks (attached and unattached) were gathered from harvested white-tailed deer at three meat-processing centres during the opening day of the deer gun season in mid-November in New York State's Southern Tier in 2012 and 2013. They were also collected by the traditional dragging method (Falco & Fish, 1992) between September and November in both years. Ticks from vegetation were collected within the same geographic areas (towns) from which deer were harvested. Pathogen prevalence rates for each collection method in both counties were quantified for comparison. New York State law requires the hunter to complete an identification tag for each deer harvested, denoting the county and town (geographic areas within counties) from which the deer was taken. These tags were used to determine the locations from which the ticks came. Dragging for ticks took place between June 2012 and November 2013 and involved pulling a 1-m 2 white corduroy cloth across grasses and low-lying vegetation to which questing ticks attached. Every 10-15 m, the drag (flag) cloth would be turned over to retrieve the ticks. All ticks were collected using first bleach-and then alcohol-cleaned forceps.
A total of 1470 ticks were collected, including 537 from 99 harvested deer and 933 by the dragging method. Ticks from 60 deer were sampled in Broome County and included 139 female ticks (108 attached) and 234 male ticks (13 attached). Ticks from 39 deer were sampled in Chenango County and included 32 female ticks (24 attached) and 132 male ticks (three attached). Collected ticks were placed in sterile cryovials with 1 mL of 70% ethanol and subsequently transferred to the laboratory for identification of species, sex and stage of development, as well as for molecular identification of B. burgdorferi. All ticks included in this study were adult I. scapularis as this is the primary vector that transmits Lyme disease to humans in the northeastern U.S.A. (Centers for Disease Control and Prevention, 2016). Additionally, no other tick species were found at the time of sampling. Ticks collected from deer-processing centres were sorted into attached and unattached groups because previous studies have suggested that ingestion of deer blood may clear B. burgdorferi from the tick (Nelson et al., 2000; Ullmann et al., 2003) . As a baseline control for the assayed ticks from deer, a subsample of 20 deer blood samples (10 from Broome County and 10 from Chenango County) were tested for B. burgdorferi.
Deer ticks (attached and unattached) were lysed with a TissueLyser LT bead mill (Qiagen, Inc., Germantown, MD, U.S.A.) and DNA from ticks and from samples of deer blood was extracted using the Qiagen DNeasy Blood and Tissue Kit in line with the manufacturer's instructions. Screening for the pathogen B. burgdorferi was performed by polymerase chain reaction (PCR) with LD1/LD2 pathogen-specific primers (Marconi & Garon, 1992) . The PCR results were assessed by agarose gel electrophoresis and confirmed by Sanger sequencing. Z-tests for proportions were used to compare pathogen prevalence rates between sampling methods within each county. The level of significance was set at P < 0.05 (Sprinthall, 2011) .
Results
Percentage positivity rates for B. burgdorferi s.l. in ticks collected using the dragging method were significantly (P < 0.001) greater than in ticks collected from white-tailed deer, for both counties and both sexes (Table 1) . Adult female ticks collected by dragging had a higher prevalence rate of B. burgdorferi, although not significantly so, than adult male ticks collected by dragging (43.3% vs. 37.9% and 55.3% vs. 38.5% in Broome and Chenango Counties, respectively). The opposite was true for ticks collected from harvested white-tailed deer, among which adult female ticks had a lower infection rate than adult male ticks (1.4% vs. 1.7% and 3.1% vs. 6.8% in Broome and Chenango Counties, respectively), regardless of attachment status (Table 1) , although the differences were not statistically significant (P < 0.8, and P < 0.4, respectively). None of the 20 deer blood samples (10 from each county) tested positive for B. burgdorferi. Unattached adult female ticks collected from harvested deer in both counties had higher rates of infection with B. burgdorferi than unattached male ticks from harvested deer (6.5 and 1.8%, respectively, in Broome County, and 12.5 and 7.0%, respectively, in Chenango County), although the differences were not significant (P < 0.11 in Broome County and P < 0.58 in Chenango County) ( Table 2) . Of particular note, no attached ticks (female or male) in either Broome County or Chenango County harboured B. burgdorferi (Table 2) .
Discussion
The significantly lower prevalence rate of B. burgdorferi in ticks collected from white-tailed deer in both Broome and Chenango Counties suggests that there may be a zooprophylactic effect from the deer bloodmeal ingested (Lacombe et al., 1993) . Similar findings have been demonstrated in Norway in roe deer (Capreolus capreolus) and moose (Alces alces), where the prevalence of B. burgdorferi is lower in attached Ixodes ricinus ticks than in questing (unattached) I. ricinus ticks (Kjelland et al., 2011) . Deer serum has been shown to be borreliacidal for B. burgdorferi in multiple deer species (Kurtenbach et al., 1998; Nelson et al., 2000; Ullmann et al., 2003) . None of the ticks attached on deer (either male or female) in the current study harboured B. burgdorferi, whereas 6.5 and 12.5% of unattached female ticks and 1.8% and 7.0% of unattached male ticks in Broome and Chenango Counties, respectively, were infected with B. burgdorferi (Table 2) . Although the vast number of male ticks collected from deer were unattached at the time of sampling, their pathogen prevalence rates remained significantly lower than those gathered by dragging, and no attached male ticks were infected (n = 16) ( Table 1) . These data tend to support previous findings that adult male deer ticks may not become engorged, but instead may take small bloodmeals from the white-tailed deer host while waiting for an opportunity to mate (Oliver, 1989; Kocan et al., 2015) . The prevalence of B. burgdorferi in adult female I. scapularis ticks was much lower in unattached ticks collected from deer than in ticks collected by dragging and, like male ticks, no attached female ticks were found to harbour the pathogen (n = 132). Typically, adult female Ixodid ticks feed once; however, successful feeding is largely governed by successful mating and full engorgement is not achieved until mating occurs (Oliver, 1989) . If a female has not mated, she will feed slowly and may detach from the host only partially fed and may not be visibly engorged (Oliver, 1989) . This may therefore account for the low prevalence of pathogen in unattached female ticks in the present sample. Ullmann et al. (2003) also suggest that even a minute amount of blood from white-tailed deer may cause a prophylactic effect in feeding ticks. In related studies, the western fence lizard (Sceloporus occidentalis) has been shown to be completely borreliacidal for B. burgdorferi (Ullmann et al., 2003) .
Overall, the present authors believe the results of the current study are significant as white-tailed deer are often implicated in the maintenance and spread of B. burgdorferi. It is likely that deer represent a means for the spatial redistribution of ticks through their movement over a home range of 135-235 ha in New York State (U.S. Department of Agriculture Forest Service, 2014) to a greater extent than smaller mammals. However, in winter during severe weather in the northeastern U.S.A., deer extend that home range by congregating in areas of dense coniferous cover (Hurst & Porter, 2010) .
Deer also act as primary breeding sites for ticks in mid-November in this region, contributing to the next tick generation after overwintering I. scapularis females lay their eggs. Thus deer increase the spatial distribution of ticks, but contribute little to the transmission of infection to adult ticks or, presumably, to nymphs. In addition, adult ticks pose less of a threat to human infection with Lyme disease as they are larger and more easily detected. Other studies also suggest that white-tailed deer are not associated with the spread of the causative agent of Lyme disease (Ostfeld et al., 2006; Levi et al., 2012) because their level of reservoir competence is low (LoGiudice et al., 2002) , whereas small mammals, notably the white-footed mouse (P. leucopus), eastern chipmunk (T. striatus) and short-tailed shrew [Blarina Brevicauda (Eulipotyphla: Soricidae)] tend to be more competent reservoirs than deer for B. burgdorferi (Donahue et al., 1987; Mather et al., 1989; Telford et al., 1990; LoGiudice et al., 2008) .
Conclusion
The findings of the current study support the hypothesis that blood of white-tailed deer may be borreliacidal and have a zooprophylactic effect on feeding ticks, thus clearing the infection from the vast majority of deer ticks (Nelson et al., 2000; Ullmann et al., 2003) . It is not yet possible to determine the relative contributions of deer to the human risk for infection or to the overall prevalence of infection in ticks, although future experimental studies may produce the stronger evidence needed to support the above findings.
